As the quantity of direct current (DC) load and wireless power transmission (WPT) devices are continuously increasing in building, in order to efficiently utilize renewable energy (which outputs DC power) such as photovoltaic (PV), especially for building integrated photovoltaic (BIPV), and regeneration energy from elevators (which also outputs DC power), a novel building power distribution system architecture is explored in consideration of the characteristics of supply and demand-side in this paper. The proposed architecture is a hybrid framework integrated with conventional alternating current (AC) power distribution system, DC power distribution and WPT system. The applied AC and DC hybrid power distribution system has higher conversion efficiency than a single AC power system, which indicates that the former is becoming an important trend of building power distribution. In addition, the results of experimental test in a case study suggest that the proposed architecture can provide fine service for efficient application of renewable energy and regeneration energy in building. The obtained results also can serve as a foundation to promote the development of building power distribution system and related practical application in building.
Introduction
Since the 1880s, Tesla and Edison have had a drastic debate on the technology of direct current (DC) or alternating current (AC) power distribution. In addition, the AC power distribution system predominates eventually.
Nowadays, huge changes have taken place. From the point of the demand-side, there are plenty of loads in building that require DC power supply, such as computer and network equipment, Light Emitting Diode (LED) lighting, elevators, inverter air-conditioners, and electric vehicle batteries which will be widely used in future. In addition, the wireless power transmission (WPT) technology has been applied to the field of household appliances and electric vehicles. From the point of supply-side, there is a significant increase in the field of distributed energy [1] [2] [3] [4] [5] [6] [7] resources. These sources include renewable energy of elevators, photovoltaic power, micro turbines, wind power, and fuel cells, all of which can provide DC power to the building. Especially for elevators and building integrated photovoltaic (BIPV) [8] [9] [10] [11] [12] [13] , they generate DC power directly. However, the existing building power distribution system is based on AC system, so that DC energy should be converted from DC to AC, then AC to DC. If DC power is fed to the DC bus directly, the power conversion efficiency can be greatly improved. Therefore, it is urgent to develop a DC distribution system to adapt to the needs of DC renewable energy and DC load. geothermal energy, ocean energy, etc., and the distributed generation is mainly photovoltaic power generation, wind power generation, hydropower generation, gas power generation, fuel cell, etc.
Photovoltaic (PV) power generation and fuel cell directly generate electricity in the form of DC. It is direct DC power supply. It needs a DC/AC inverter [35] [36] [37] to integrate into the traditional AC distribution network.
The wind power generation [38] [39] [40] [41] [42] and gas turbine [43] [44] [45] generate electricity in the form of AC. Due to the different rotation frequency of the impeller, the frequency of the AC power is not 50/60 Hz and not directly incorporated into the AC-grid. It is necessary that the distributed generation is incorporated into the AC-grid through AC/DC/AC. In a sense, it can be considered as an indirect DC power supply.
How to use the renewable energy and distributed generation efficiently is critical to energy conservation [46, 47] . Therefore, if the DC distribution system is used, the use of a DC/AC converter in the distribution link can be greatly reduced, which not only reduces the cost of the grid construction and improves the reliability of the grid, but also reduces the loss in the transformation of power and the transmission process.
With the rapid and comprehensive application of the renewable energy and the distributed generation, the advantages of DC distribution are highlighted. It is urgent to develop a DC distribution system and DC microgrid to adapt the needs of energy development.
Elevator Regeneration Energy
In the electric drive system, motor inevitably has the braking state, namely the power generation process. In this process, because of the motor rotor with external load or the its moment of inertia, the actual speed of the motor is more than the synchronous speed of the output of inverter. Similarly, the elevator as a potential load frequently could be in the energy generating state while the elevator is running. In the elevator with AC-DC-AC frequency conversion, the regenerative energy is stored in a filter capacitor in the variable frequency DC bus, so that the voltage in the DC bus will gradually increase, and if DC power is not timely released from the capacitor, it will cause the lift to stop running due to overvoltage.
At present, there are three methods for dealing with regeneration electricity from an elevator [48] . First, the regeneration energy can be consumed in the brake unit or the brake resistor. Second, the regeneration electricity can be transformed to AC power into public grid. Third, the elevator regeneration energy can be stored for other electrical equipment. (1) To be consumed in the brake unit or the brake resistor At present, more than 98% of elevators consume DC energy stored in filter capacitor, by heating the regenerative resistor. The regenerative resistor is pre-linked up to the DC bus. When the voltage of the DC bus exceeds the preset value, the regenerative resistor is linked up to the DC bus, and regeneration energy, which is stored in filter capacitor, is consumed by heating the regenerative resistor, until the voltage of the DC bus is lower than the pre-set value. However, it will not only cause energy waste, but also increase the room temperature, so that the room needs to have a heat abstractor installed for cooling, which results in energy waste. Jun Guo and Jinwei Fan introduce an automatic diagnostic method of the coil wearing state through measuring the acceleration curve of the running coil, which is vital for the safety maintenance of the elevator [49] .
(2) To be transformed to AC power into public grid DC power, which is stored in the capacitor, can be transformed to AC power into public grid, so that there is an obvious energy saving effect. Due to no resistor, the room temperature will not increase, which can save the energy consumption of air conditioning or cooling equipment. Marsong and Plangklang design an energy-regenerative unit for an elevator system, which can feed electricity back into a power grid [50] . However, the renewable energy of the elevator, as distributed energy, has the characteristics of randomness and intermittence, which will cause a certain degree of impact on the quality of electricity. In addition, the renewable energy of the elevator works with the building distribution network, so that it will change the characteristic of unidirectional power flow in a traditional building distribution system. Therefore, the technology has matured, but it is difficult to popularize this technology. Mesemanolis et al. introduce the energy management system, which is implemented through an adaptive neuro-fuzzy controller that adjusts the acceleration/deceleration and rotational speed of the motor according to a fuzzy rale set governed by the travel distance of the elevator and the load [51] .
(3) To be stored for other electrical equipment When the elevator is in the state of power generation, the technology of energy feedback can transform mechanical energy of the elevator into electricity, and it can be stored in the energy storage device, then the stored power through the DC-to-AC inverter can be supplied to other electrical equipment. This technology can be in not only on-grid but also off-grid operation with relative flexibility. However, a set of energy storage devices needs to be installed for every elevator, and the cost of the energy storage device is relatively higher. Therefore, this technology has a poor economy, which restricts its popularization and application.
In summary, transforming renewable electricity to AC power into public grid has obvious effect of energy saving, but the regenerative energy has randomness and intermittence, which will cause a certain degree of impact on the quality of electricity. At present it cannot be widely applied. Storing renewable energy for other electrical equipment because of the energy storage device, has poor economy. Therefore, it is necessary to further search after the technology of utilization for elevator regeneration energy with better economics for solving the problem of elevator regeneration energy waste.
In this paper, we suggest the elevator regeneration energy feed to a DC system which is highly efficient and energy saving.
The Change of Terminal Load on the Demand-Side
This section presents the development of DC load and WPT demand, which is conductive to being plugged in DC system.
The Increase of the Proportion of DC Load on the Demand-Side
In recent years, with the development of electronic technology and network communication technology, the proportion of DC load on the demand-side has increased. The result of research showed that certain types of buildings and even the DC load proportion is more than 90% [52] , and these changes are mainly in two aspects.
First, the quantity of the electrical appliances with DC increases. The most common and most representative electrical appliance is the frequency conversion device. In recent years, with the maturity of frequency conversion technology and the reduction of product cost, a large number of frequency conversion electrical appliances have been developed, produced, promoted and applied, such as elevators, air conditioners, refrigerators, washing machines and other frequency conversion devices.
Second, an increasing number of electrical equipment are essentially DC-driven appliances, which need to transform traditional AC power into DC, such as the common electric cars, electric bicycles, LCD TVs, LED lighting, computers, network equipment, mobile phones and so on.
The increase of DC load in the user terminal is the inner driving force for developing DC power distribution and DC micro-grid.
The Development of WPT on the Demand-Side
In recent years, wireless power transmission (WPT) has rapidly developed. WPT technology is mainly based on the electromagnetic induction, electromagnetic radiation, electromagnetic resonance and so on. There are three technical schemes based on wireless power transmission in intelligent buildings [53] .
(1) Microwave radio energy transmission technology usually adopts S band and C band (wavelength is from hundreds of meters to thousands of meters), and is suitable for high-precision directional energy transmission and long-distance transmission, such as low orbit and synchronous orbit satellites, power supply for aerospace vehicles, etc.
(2) WPT technology based on the principle of electromagnetic induction is easily realized. The working frequency is from tens to hundreds of kHz, and the transmission distance from several millimeters to several meters. The transmission power is large, and transmission efficiency with short distance is high, up to 99%, but energy transfer efficiency has the strong attenuation with the increase of distance [54] . It has a wide range of applications, such as electric vehicles and medical micro robots.
(3) WPT based on the principle of the electromagnetic resonance is still in the experimental stage. The frequency is from several MHz to dozens of MHz, and the transmission distance is from several centimeters to several meters with less electromagnetic radiation and electromagnetic interference.
Therefore, the transmission distance of WPT based on electromagnetic resonance is longer than electromagnetic induction. If there is a breakthrough in the transmission efficiency in future, it would be possible to apply WPT based on electromagnetic resonance in many fields. It is predictable, WPT technology will be derived from the wireless home appliances, wireless power supply equipment, especially mobile phones, portable computers and mobile power.
DC Power Distribution System in Buildings
According to Sections 2 and 3, the DC power distribution system is presented in this section.
Architecture
DC power distribution system structure is configured as shown in Figure 1 [55] . It can be divided as AC/DC converter, the DC bus, the distributed power supply, DC loading, storage, switching and protective devices (not shown in the following figure). Article [56] gave an overview of the key technology of DC power distribution systems. Japanese researchers consider taking 380 V DC bus voltage is more appropriate and has been recognized by the relative American organizations, and also a dual bus system including using a DC/DC converter to get a 45 V low voltage [56, 57] , that means a large high voltage to the power DC load to provide power, while low-voltage to low-power appliances. However, DC power distribution system should particularly pay attention. Protective devices, such as circuit breakers, can improve the reliability of the system. Additionally, there has already been some mature practical application [58] .
The AC/DC converter with six insulated gate bipolar transistors (IGBT) can be constructed into a bidirectional converter. Its role is the rectifier to provide controlled power to the DC bus when the distributed power supply in the building cannot meet the current load of electricity. The IGBT rectifier overcomes the problem of low power factor and harmonics which exists in conventional diode bridge rectifier circuits, and electromagnetic compatibility (EMC) harmonics to a minimize point. When distributed power generation has an excess load, the AC/DC converter can transport DC side of the inverter to the grid electricity. However, if the distributed power capacity is small, which means that the power grid may not allow feedback, this time the AC/DC converter can be used as a simple inexpensive bridge rectifier circuit, with only one-way transmission of AC power to the DC load. AC/DC converter output voltage should be lower than the normal DC bus voltage, and only work when the bus voltage is below the set threshold.
Voltage Levels
The voltage level is one of the important factors of the DC distribution system. The inappropriate voltage level could have a significant impact on the economy, safety and development of power grid construction and operation. According to DC voltage levels of rail transportation, communications, shipbuilding and so on (Table 1) , with considering the relevant factors of DC distribution system, article [59] selected 240 V, 336 V, 380 V preliminarily as the voltage level of low voltage distribution; then the article used the fuzzy comprehensive evaluation method to evaluate the three voltage levels (Table 2) ; finally, the article came to the conclusion that the optimal scheme for low voltage distribution is 380 V. The problem of the disunity of voltage level and small capacity DC load can be solved by commutation technology. Article [56] gave an overview of the key technology of DC power distribution systems. Japanese researchers consider taking 380 V DC bus voltage is more appropriate and has been recognized by the relative American organizations, and also a dual bus system including using a DC/DC converter to get a 45 V low voltage [56, 57] , that means a large high voltage to the power DC load to provide power, while low-voltage to low-power appliances. However, DC power distribution system should particularly pay attention. Protective devices, such as circuit breakers, can improve the reliability of the system. Additionally, there has already been some mature practical application [58] .
The voltage level is one of the important factors of the DC distribution system. The inappropriate voltage level could have a significant impact on the economy, safety and development of power grid construction and operation. According to DC voltage levels of rail transportation, communications, shipbuilding and so on (Table 1) , with considering the relevant factors of DC distribution system, article [59] selected 240 V, 336 V, 380 V preliminarily as the voltage level of low voltage distribution; then the article used the fuzzy comprehensive evaluation method to evaluate the three voltage levels (Table 2) ; finally, the article came to the conclusion that the optimal scheme for low voltage distribution is 380 V. The problem of the disunity of voltage level and small capacity DC load can be solved by commutation technology. 
WPT in Building AC Distribution System
The fundamental principle and applicative architecture of WPT in the AC system are presented in this section.
The Fundamental Principle of WPT
The wireless power transfer technology has its unique advantages which do not exist in the traditional wired power supply because of the complete electrical isolation between power supply and electrical equipment. So, there was a lot of analysis and research on the mechanism and implementation of wireless power transfer, which can be generalized into three means in the following: Microwave radiation, inductive coupled and magnetically-coupled resonance.
(1) Microwave radiation ( Figure 2 ): WPT through radio waves can be more directional, and it is possible to possess the characteristic of the longer distance beaming and shorter electromagnetic radiation wavelength, which is usually within the microwave range [60] [61] [62] . The rectifying antenna can convert microwave energy into electrical energy, and now it has achieved more than 95% conversion efficiency.
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The Fundamental Principle of WPT
(1) Microwave radiation ( Figure 2 ): WPT through radio waves can be more directional, and it is possible to possess the characteristic of the longer distance beaming and shorter electromagnetic radiation wavelength, which is usually within the microwave range [60] [61] [62] . The rectifying antenna can convert microwave energy into electrical energy, and now it has achieved more than 95% conversion efficiency. For most of the space applications, microwave power beaming requires the huge aperture sizes because of limited direction of diffraction antenna. For example, in 1978, National Aeronautics and Space Administration (NASA) received a 2.45 GHz microwave through a transmitting antenna with a diameter of 1 km and a receiving antenna of 10 km in diameter [63] . For most of the space applications, microwave power beaming requires the huge aperture sizes because of limited direction of diffraction antenna. For example, in 1978, National Aeronautics and Space Administration (NASA) received a 2.45 GHz microwave through a transmitting antenna with a diameter of 1 km and a receiving antenna of 10 km in diameter [63] .
After World War II, researchers started to study the WPT via microwaves with the development of cavity magnetrons. In 1964, a helicopter was driven by microwave power for the first time [64] . Experiments in the tens of kilowatts have been performed in California in 1975 [65, 66] . These methods reach distances of a kilometer.
In 2013, Hatem Zeine presented how to transmit wireless power within the distance of 9 m through phased array antennas with utilization of the same radio frequency of Wi-Fi. In 2015, researchers introduced Wi-Fi power, which can charge batteries from a Wi-Fi router and provide power for camera and temperature sensors within 6 m.
(2) Inductive coupled ( Figure 3 ): The power is transmitted between the coils in a magnetic field. A transformer is formed with the transmitter coil with receiver coil [67, 68] . An oscillating magnetic field (B) is generated with AC power in transmitter coil (L1). By Faraday law, induced AC is received by the receiver coil (L2). Induced AC can not only directly drive loads, but also be transferred through rectification to DC. In most systems, the transmission efficiency increases as the frequency increases [68] .
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(3) Magnetically-coupled resonance ( Figure 4 ): Magnetically-coupled resonance [72] is a type of inductive coupling, which is transmitted between two resonant circuits in magnetic field, one in the transmitter and the other one in the receiver. Each resonant circuit is composed of a coil with a capacitor, or a self-resonant coil, or a resonator with an internal capacitor. These two circuits resonate at the same resonant frequency. By using resonance, the same levels of power can be transmitted at longer distance in weaker magnetic fields [72] . The magnetically-coupled resonance can realize high WPT efficiency in the range, which is 4 to 10 times the diameter of coil [73] . In addition, the interaction between the resonant circuits is stronger than the interaction between them and other non-resonant objects, so that the power loss by reason of the absorption of other objects can be ignored.
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Resonant technology is now widely applied to modern WPT systems. In future, this technology is applied to regional WPT coverage. The coil in the room can provide power for household appliances, which can significantly reduce obsolete batteries. 
The Architecture of WPT in AC Distribution System
For the application of WPT technology, it is necessary to transform the industrial frequency into the high frequency. Under the existing technology conditions, it is necessary to transform the industrial frequency AC into DC, and then transform it into the required high frequency AC. Therefore, for the application of WPT technology in the traditional building AC distribution system, its architecture is inevitable to increase the rectification link (AC/DC) as shown in Figure 5 [76, 77] .
Resonant technology is now widely applied to modern WPT systems. In future, this technology is applied to regional WPT coverage. The coil in the room can provide power for household appliances, which can significantly reduce obsolete batteries.
For the application of WPT technology, it is necessary to transform the industrial frequency into the high frequency. Under the existing technology conditions, it is necessary to transform the industrial frequency AC into DC, and then transform it into the required high frequency AC. Therefore, for the application of WPT technology in the traditional building AC distribution system, its architecture is inevitable to increase the rectification link (AC/DC) as shown in Figure 5 [76, 77] . 
The Proposed Architecture of Building Power Distribution System and Building Micro-Grid
In this section, in consideration of the application of distributed energy and elevator regeneration energy as well as the development of DC load and WPT demand, building power distribution system is optimized to adapt to the tendency, then the architecture of the AC-DC hybrid power distribution system is proposed.
The Research Approach to Building Power Distribution System Architecture
As mentioned above, for transforming DC power into AC, the traditional AC system requires the utilization of a DC/AC inverter, which brings the loss of efficiency. Furthermore, it is inevitable to draw support from the DC system or the DC bus in the application of WPT. It could be seen that the traditional AC system has the lower energy efficiency in access of DC load and WPT technology.
Therefore, in order to adapt the building power distribution system to the development and change of DC load and WPT technology, it is necessary to build the hybrid system, which can promote the overall efficiency and enhance the compatibility and complementarity among AC, DC and WPT. Figure 6 presents the comparison between the traditional AC system and proposed architecture of the hybrid system. 
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The Architecture of the Power Distribution System
According to the analysis of the distributed generation (especially photovoltaic) characteristic, DC electric appliances (especially electric vehicle charging) and the development of WPT technology, it is predictable that there will be a series of significant changes in power distribution system in intelligent buildings in future.
(1) The relationship among energy supply, load, distribution system and storage: The terminal users become more complex, because they increase not only the distributed generation, but also the energy storage device. It could form the buildings electric micro-grid and the energy micro-grid of the combined cooling heating and power system.
(2) Power distribution system: It is transformed from the traditional single AC system to the AC and DC hybrid power distribution system. In some applications it could build principally DC system or pure DC system, such as a data center.
(3) Power transmission mode: It is transformed from the traditional single wired power distribution mode to the wired and wireless hybrid power distribution system. The mobile and portable devices will adopt wireless mode.
Therefore, in order to meet the needs of users and consider the change of distributed generation, the architecture of power supply and distribution needs to be developed and perfected. In this paper, the architecture of the building power distribution system based on the demand-side is presented, as shown in Figure 7 . It is a hybrid structure including an AC and DC power distribution sub-system, wired and wireless power distribution sub-system. In this hybrid structure system, the DC bus is the basic sub-system, and the wireless power distribution sub-system is based on the DC bus at the terminal with the wireless charging device. 
Therefore, in order to meet the needs of users and consider the change of distributed generation, the architecture of power supply and distribution needs to be developed and perfected. In this paper, the architecture of the building power distribution system based on the demand-side is presented, as shown in Figure 7 . It is a hybrid structure including an AC and DC power distribution sub-system, wired and wireless power distribution sub-system. In this hybrid structure system, the DC bus is the basic sub-system, and the wireless power distribution sub-system is based on the DC bus at the terminal with the wireless charging device. In addition, based on this hybrid structure, a building micro-grid can be obtained which is an AC and DC hybrid micro-grid. In this building micro-grid, there are power sources such as PV, BIPV or/and wind power and energy storage devices such as a battery or supercapacitor, so the building micro-grid is an independent energy system which can run under grid-connected and grid-unconnected models. This building will benefit from power reliability, energy saving and high efficiency from the building micro-grid.
The Efficiency Promotion of the DC System Compared to the AC System
According to article [78] , the AC system would have an Uninterrupted Power Supply (UPS) with about 85% efficiency, and power supplies with 73% efficiency. The efficiency of the DC system compared with the AC system is shown in Table 3 . Therefore, it is possible to realize an efficient enhancement of over 28%. In addition, based on this hybrid structure, a building micro-grid can be obtained which is an AC and DC hybrid micro-grid. In this building micro-grid, there are power sources such as PV, BIPV or/and wind power and energy storage devices such as a battery or supercapacitor, so the building micro-grid is an independent energy system which can run under grid-connected and grid-unconnected models. This building will benefit from power reliability, energy saving and high efficiency from the building micro-grid.
According to article [78] , the AC system would have an Uninterrupted Power Supply (UPS) with about 85% efficiency, and power supplies with 73% efficiency. The efficiency of the DC system compared with the AC system is shown in Table 3 . Therefore, it is possible to realize an efficient enhancement of over 28%. 6.4. The Advantages of WPT Application in the DC System Compared to the AC System
As mentioned above in Section 5.2, for the application of WPT, it is inevitable to increase the rectification link (AC/DC) in the traditional AC system. If there is a DC bus in the building, it can spare the hardware of rectification link and improve the utilization efficiency of electric energy.
Application Case Study of a DC Micro-Grid in a Building
The Case of q DC Micro-Grid in a Building
The system within our proposal method is verified by experiments in a high-rise building named Zhongheng Design Center Building (Figure 8 ), which is located in the Dushu Lake Science and Education Innovation Zone, Suzhou Industrial Park, Suzhou City (close to Shanghai City). This building is a high-rise office building with 23 ground floors, three underground floors and a total construction area of 77,000 m 2 , which is the national three-star green-building design project. 
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The Case of q DC Micro-Grid in a Building
The system within our proposal method is verified by experiments in a high-rise building named Zhongheng Design Center Building (Figure 8 ), which is located in the Dushu Lake Science and Education Innovation Zone, Suzhou Industrial Park, Suzhou City (close to Shanghai City). This building is a high-rise office building with 23 ground floors, three underground floors and a total construction area of 77,000 m 2 , which is the national three-star green-building design project. The characteristics of supply-side and demand-side match each other, so the DC micro-grid system with a small-sized 0.6 kW wind power generation, 2 kW photovoltaic, gas turbine, etc., was built, which can highly energy-efficiently accommodate the distribution energy and supply energy for load. On the basis of weather data in Suzhou, the annual power generation of wind and solar energy is respectively 1971 kWh and 2336 kWh, which is totally equivalent to the diminution of 6.16 tons of CO2. In this experiment, we focus on the regeneration energy. There are not all devices (PV, wind turbines, etc.) plugged into the DC micro-grid. Additionally, we will connect elevators with distributed energy by use of the DC micro-grid in the following experiment. The elevator can be regarded as the power supply and load by reason of its operation characteristic. Additionally, the experiment system of the elevator is easy to construct and realize in engineering. Therefore, taking the elevator as an example, it is used to verify building power distribution system for renewable and regeneration energy application.
Application of Elevator Regeneration Energy
The experiment is carried out in the elevator engine room located on the 23rd floor, and there are four Variable Voltage and Variable Frequency (VVVF) elevators installed in the room. For each elevator, the permanent magnet synchronous traction machine power is 28 kW, the Variable Frequency Drive (VFD) power is 37 kW, the elevator rated speed is 3 m/s and the elevator load is 1350 kg.
The design of the elevator DC micro-grid ( Figure 9 ) is based on supercapacitors. When regeneration energy is generated, it can be fed to other elevators by use of a DC bus, and then the The characteristics of supply-side and demand-side match each other, so the DC micro-grid system with a small-sized 0.6 kW wind power generation, 2 kW photovoltaic, gas turbine, etc., was built, which can highly energy-efficiently accommodate the distribution energy and supply energy for load. On the basis of weather data in Suzhou, the annual power generation of wind and solar energy is respectively 1971 kWh and 2336 kWh, which is totally equivalent to the diminution of 6.16 tons of CO 2 . In this experiment, we focus on the regeneration energy. There are not all devices (PV, wind turbines, etc.) plugged into the DC micro-grid. Additionally, we will connect elevators with distributed energy by use of the DC micro-grid in the following experiment. The elevator can be regarded as the power supply and load by reason of its operation characteristic. Additionally, the experiment system of the elevator is easy to construct and realize in engineering. Therefore, taking the elevator as an example, it is used to verify building power distribution system for renewable and regeneration energy application.
The design of the elevator DC micro-grid ( Figure 9 ) is based on supercapacitors. When regeneration energy is generated, it can be fed to other elevators by use of a DC bus, and then the rest of the regeneration energy is stored in supercapacitors. When the voltage of the DC bus drops, supercapacitors can feed energy to elevators quickly. The utilization of the supercapacitor reduces the waste of regeneration energy as well as the energy consumption of air-conditioning in the elevator engine room. The legends 1 ~4 are VFD, and the meter V1 is a multi-functional electricity meter, which can record voltage, current, power, energy consumption and other parameters. The capacity of supercapacitor should be no less than the discharging electrical work of an elevator in a cycle period with full load. After calculation, the total electrical work of supercapacitor should be more than 0.358 kWh, and the capacity of supercapacitor (C3) should be more than 10.46 F. elevator engine room. The legends ①~④ are VFD, and the meter V1 is a multi-functional electricity meter, which can record voltage, current, power, energy consumption and other parameters. The capacity of supercapacitor should be no less than the discharging electrical work of an elevator in a cycle period with full load. After calculation, the total electrical work of supercapacitor should be more than 0.358 kWh, and the capacity of supercapacitor (C3) should be more than 10.46 F.
To ascertain the relationship between the change in the carrying capacity and the energy efficiency in the elevator operation, the following experiment is formulated to simulate the actual operation of the elevator with and without an elevator energy-efficient device. One person (75 kg) without any weight is simulated as an empty load, one person (75 kg) with 500 kg weight is simulated as a half load, and one person (75 kg) with 1000 kg weight is simulated as a full load. We operate the elevator separately 10 times with three load states. The elevator energy consumption with an energy-efficient device is expressed as E1, and the elevator energy consumption without an energy-efficient device is expressed as E2. To simulate the randomness of elevator operation, the elevator goes upward each time from the 1st floor to the 10th floor, then to the 12th floor, finally to the 20th floor, and then goes downward from the 20th floor to the 12th floor, then to the 10th floor, finally to the 1st floor. Figure 10 shows one of the input/output electrical power of the energy-efficient device in the upgoing state. To ascertain the relationship between the change in the carrying capacity and the energy efficiency in the elevator operation, the following experiment is formulated to simulate the actual operation of the elevator with and without an elevator energy-efficient device. One person (75 kg) without any weight is simulated as an empty load, one person (75 kg) with 500 kg weight is simulated as a half load, and one person (75 kg) with 1000 kg weight is simulated as a full load. We operate the elevator separately 10 times with three load states. The elevator energy consumption with an energy-efficient device is expressed as E 1 , and the elevator energy consumption without an energy-efficient device is expressed as E 2 . To simulate the randomness of elevator operation, the elevator goes upward each time from the 1st floor to the 10th floor, then to the 12th floor, finally to the 20th floor, and then goes downward from the 20th floor to the 12th floor, then to the 10th floor, finally to the 1st floor. Figure 10 shows one of the input/output electrical power of the energy-efficient device in the upgoing state. 
The Results of the Experiment
The energy-saving rate is in the form:
where E1 is the elevator energy consumption with an energy-efficient device and E2 is the elevator energy consumption without an energy-efficient device. As shown in Figure 11 , the energy-efficient rate is respectively 15.87%, 18.74% and 23.1% under three test situations, and 19.24% on average. 
The Discussion
This design of the elevators DC micro-grid system based on a supercapacitor reduces about 19.24% energy consumption, compared to using a heating resistor in elevator operation, which means highly efficient utilization of elevator regeneration energy.
From the point of the comparison of the DC and AC system, the DC system is more efficient than the AC system. When elevators are in the AC system, regeneration energy needs to be transformed to AC by use of an inverter, which brings about 2% efficiency loss. Besides, when regeneration energy is fed to elevators, it needs to be transformed to DC by use of a rectifier, whose efficiency is about 98% [78] . In general, the total efficiency of AC system is about 4% less than the DC system. 
The Results of the Experiment
where E 1 is the elevator energy consumption with an energy-efficient device and E 2 is the elevator energy consumption without an energy-efficient device. As shown in Figure 11, Figure 10 . One of the input/output electrical powers of the energy-saving device in upgoing state.
The Discussion
From the point of the comparison of the DC and AC system, the DC system is more efficient than the AC system. When elevators are in the AC system, regeneration energy needs to be transformed to AC by use of an inverter, which brings about 2% efficiency loss. Besides, when regeneration energy is fed to elevators, it needs to be transformed to DC by use of a rectifier, whose efficiency is about 98% [78] . In general, the total efficiency of AC system is about 4% less than the DC system.
The DC micro-grid of elevators has expansibility, which can be connected to other DC micro-grids in building, such as BIPV and wind power generation system. In the following experiment, we will connect elevators with distributed energy by use of a DC micro-grid.
In addition, a supercapacitor has the characteristic of high power level, which is used under the condition of fast charging/discharging (such as elevators, cars and trains) rather than energy storage for a long time. On the contrary, traditional batteries are adapted to the storage of distributed energy. The hybrid energy storage system based on supercapacitors and traditional batteries could handle incompatibility between the distributed energy and elevator regeneration energy, which will contribute to the wide application of the hybrid building power distribution system. In following research, we will focus on the hybrid energy storage system.
Conclusions and Expectations
This paper analyzes the three major changes in building power distribution system based on the demand-side: (1) The characteristics of distributed energy; (2) the increase of DC load; (3) the trend of WPT demand. This paper puts forward the architecture of building power distribution system based on supply and demand-side, which is the trend for the development of the building power distribution system in future.
This building power distribution system is AC-DC hybrid power distribution system/hybrid micro-grid system and wired/wireless hybrid power transmission system. The diversity of system ensures not only efficiency, but also meet the needs of different demands. In the proposed building power distribution architecture, the DC micro-grid is the core and the link of system, which connects with the AC power distribution grid and distributed generation, and links with the WPT system. The hybrid power distribution system can promote about 4% greater efficiency than the traditional AC power system, is suitable for the access of distributed energy and regeneration energy, and is conducive to the plug-in of DC load and WPT demand, which means the saving of rectification hardware. In this experiment, the DC micro-grid system of elevators can reduce about 19.24% energy consumption.
However, the proposed framework of the DC micro-grid system in buildings is still at the exploratory stage. This paper verified the elevator DC micro-grid system. In the next experiment, we will further verify the interconnection between elevator micro-grid and distributed energy micro-grid. Besides, because elevator regeneration energy and distributed energy differ in power level and work level, the hybrid energy storage system based on supercapacitors and traditional batteries needs to be further studied. In addition, it should be noted that the construction of radio transmission needs to pay attention to the electromagnetic compatibility of equipment and the safety of building electromagnetic environment.
